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Overview

This document is the final technical report of the Cornell Joint Services Electronics Program for the period
from May 1, 1996 to April 30, 1999. The program has been in phase-out over most of this period following
the nationwide termination of JSEP. Only during the first year the program was funded at the level of the
three-year program that was to start on May 1, 1996. Funding was steadily decreased during the second and
third years. This program has covered compound semiconductors materials growth, femtosecond optical
sources and characterization of materials and devices, device physics and simulation, device design and
fabrication components in a synergistic fashion. Six task investigators, Profs. R. Shealy, C. Tang, C.
Pollock, P. Krusius, Y. Lo and R. Compton, with their graduate students have contributed to this JSEP
research. Research interactions and collaboratiofis between the participating groups have continued,
although their impact has been much less significant with task investigators exploring other funding
opportunities for their research.

The Cornell JSEP faculty has long traditions in compound semiconductor materials, electronic devices,
femtosecond optical sources and measurements methods, photonic devices, micro- and nanofabrication and
device physics. Indicators of this strength are, for example: past JSEP programs, which during their 16 year
history have focused on compound semiconductor materials and high speed electronic devices and
femtosecond optics; the Optoelectronics Technology Center, a consortium formed by Comnell University,
University of California Santa Barbara, University of California San Diego, and supported by DARPA; the
Cornell Nanofabrication Facility supported by the National Science Foundation and industry, which has

" been continually funded since 1977 and now is one of the major nodes in the National Nanofabrication

Network; the Materials Science Center supported by the National Science Foundation; the Cornell Center
for Theory and Simulation, one of the national supercomputer centers supported by the National Science
Foundation; and many individual programs supported by federal and industrial sources. Other Cornell
facilities relevant to this program include the unique Compound Semiconductor Materials Growth Facility
with several OMVPE reactors; the Optoelectronics Laboratory for optical experiments and measurements
within the School of Electrical Engineering; and several unique tunable femtosecond laser based optical
characterization laboratories.

As a consequence of the phaseout the total funding for the_ three year program was reduced by 22%
compared to the original plan. The resources among the tasks were shifted as well to reflect the level of
effort and different responses to the phaseout. Resources were shifted out from tasks #4 (Krusius) and task
#5 (Compton) into tasks #1 (Shealy), task #2 (Tang), and task #5 (Lo) compared to the original plan. These
shifts impacted activity levels and hence results as well.

Specific results obtained in the individual work units are given separately in the sections covering each task
and will not be repeated here. 1 Master of Science degrees, 5 Master of Engineering, and 8 PhD degrees
have been granted to students working on these JSEP tasks durmg the 1996/99 program period. At the same
time 56 publications have published, submitted, or are in preparation for to scientific or technical
periodicals and 28 related publications have been prepared.
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TASK #1 OMVPE GROWTH Of III-V ALLOYS FOR NEW HIGH
SPEED ELECTRON DEVICES

Principal Investigator : James R. Shealy, (607) 255-4657
OBJECTIVE

In our effort to understand the fundamentals of UV laser stimulated OMVPE and to develop it as a
technique for high-resolution in-situ area-selective deposition of thin films, we investigated the stimulation
mechanisms and characteristics of the growth enhancement around 250 nm using an excimer-pumped dye
laser system as well as a frequency doubled Ar" ion laser. In support, a detailed study of the material
properties of AlGaAs grown in the kinetically limited regime was carried out. Finally, we succeeded in the
laser stimulated selective-area growth of quantum dots.

DISCUSSION OF STATE-OF-THE-ART

UV-stimulated GaAs growth by MOMBE [1-3], CBE [4] and OMVPE [5-10] has been demonstrated over
a wide range of experimental conditions using pulsed laser sources or UV-lamps. Many of these studies
have shown significant growth rate enhancements in the irradiated areas. UV irradiation during low
temperature growth has also been shown to improve the crystalline quality of the grown layers [3,5]. To
our knowledge, there are no reports to this date on CW laser stimulated growth around 250nm wavelength,
the regime where both our excimer laser and CW laser experiments were conducted.

PROGRESS

Significant growth stimulation by laser irradiation during the OMVPE process is only possible in the
kinetically limited regime, which is traditionally avoided. We thus carried out a detailed study on the
material properties of low temperature grown AlGaAs and on the‘reaction mechanisms involved in its
synthesis. Growth conditions were similar to those employed during the excimer laser stimulation
experiments. N

AlGaAs grown from methyl precursors at low temperatures is known to exhibit high unintentional carbon
doping with significant hydrogen passivation of the carbon acceptors. Carbon from the methyl ligands of
the organometallic precursors is incorporated via a secondary growth mechanism involving the formation
of carbene [11]. Since this pathway competes with the dominant reaction between organometallics and
hydrides, increasing carbon doping is expected for lower V/III ratios with carbon substituting arsenic in the
crystal lattice. Both, this dependence on V/III ratio and the p-type behavior were confirmed. Since the
tetrahedral covalent bond radius of carbon is much smaller than that of gallium, aluminum or arsenic, high
carbon concentrations in AlGaAs lead to significant lattice contraction. Since it is not possible to
determine the composition of heavily carbon doped AlGaAs from its lattice constant, we measured
composition independently by Rutherford backscattering. Figure 1(a) shows the Al mole fraction in the
solid as function of V/III ratio, where the upper curve corresponds to 75% trimethylaluminum (TMA) in
the total group III flux, and the lower curve to 45%. The overall growth rate under these experimental
conditions is strongly limited by the amount of arsine supplied. The decreasing Al solid mole fraction with
decreasing V/III ratio at higher arsine flows suggests that the surface reaction of trimethylgallium (TMG) is
favored over that of TMA in the competition for arsine. The most interesting ‘aspect about the
compositional dependence on V/III ratio, however, is its anomalous behavior around unity V/III ratio. The
fact that the Al incorporation into the layer is not a monotonous function of the amount of arsine supplied
must be due to either a drastic shift between the rates of the different reactions and/or the relevance of a
new reaction pathway at low V/III ratios. The only confirming data of this anomalous behavior found in
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the literature results from the decomposition experiments by Mashita [12]. His study was also carried out
in a vertical flow system at low pressure. Figure 1(b) reproduces Mashita’s data for the decomposition of
TMA at
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Figure 1(a). Al mole fraction measured by RBSasa  Figure 1(b). Dependence of Me,Al" intensity
function of V/III ratio. generated from TMA on temperature.

different V/III ratios. It shows the Me,Al" intensity as detected downstream by a quadrupole mass
spectrometer and normalized to the initial intensity. The addition of a small amount of arsine suppresses
TMA decomposition, whereas it is enhanced at higher V/III ratios. This contrasts the gradual enhancement
of TMG decomposition with increasing arsine partial pressures [12]. The most likely explanation for this
phenomenon is the formation of a more stable adduct between the TMA dimer and arsine. Further reaction
of the adduct with arsine, either homogeneously or heterogeneously, results then in the increasing
decomposition at higher V/III ratios. The correspondence to our compositional data shows the immediate
relevance of this peculiarity in TMA chemistry to AlGaAs growth in the kinetically limited regime. The
effect on layer composition is further enhanced by the different decomposition behavior of TMG and the
resulting shift between the AlAs and GaAs reaction rates. NN

The most interesting effect of the high unintentional carbon doping with respect to material properties was
observed to be on the optical characteristics of the AlGaAs layets. Focusing on the samples grown at 45%
aluminum vapor mole fraction, the steady increase in carbon concentration as the V/III ratio was lowered
resulted in significant shifts of the photoluminescence peaks. Since the aluminum mole fraction in the layer
varies with V/III ratio, we consider for each sample the difference between the actual peak position and the
nominal bandgap at the respective temperature. Thus we obtain with (hv-E,) a quantity independent of the
composition and sample temperature. Two each other opposing effects influence the bandgap of our highly
carbon doped AlGaAs layers: bandtail states introduced by the degenerate doping shrink the bandgap, and

. the compressive strain due to the smaller carbon atoms widens the bandgap. Considering the bandgap as a

function of V/III ratio, we establish, that the effect of compressive strain dominates the bandtail effect, if
the slope of (hv-E;) as function of V/III ratio is negative. Conversely, if the slope is positive, the bandtail
effect dominates the effect of compressive strain. Figure 2(a) shows the dependence of (hv-E;) on V/II
ratio for the room temperature luminescence spectra of as-grown (open circles) and annealed (solid circles)
samples, and figure 2(b) shows the corresponding for low temperature photoluminescence. The curves are
drawn qualitatively as a guide to the eye and the division into three regions is also qualitative in nature. The
dependencies of (hv-Ey) on V/III ratio agree well for room and low temperature
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Figure 2. (hv-E,) vs. V/II ratio for (a) 300K and (b) 1.6K photoluminescence spectra of the samples
grown at 0.45 aluminum vapor mole fraction. The two curves correspond to annealed and as-grown
samples as indicated.

photoluminescence spectra. From our previous discussion we conclude, that the bandtail states affect the
bandgap more than compressive strain in region I, and that the strain dominates in region II. For the
low V/II ratios in region III we observe a transition from bandtail effect to compressive strain effect
dominance upon annealing. At these high carbon concentrations, the gain in free carriers through the
anneal affects the bandgap so much more than the additional lattice contraction due to the hydrogen purge,
that this transition occurs. Overall, we can conclude that the two opposing effects on the bandgap are
equally important in heavily carbon doped AlGaAs.

Our study on deep-UV excimer laser stimulated growth of AlGaAs, which we reported previously in more
detail, yielded the following major results. A significant growth contrast (growth in light : growth in dark)
of 3.2 : 1 was obtained under the employed experimental conditions. The laser spot surface exhibited over
large regions a homogeneous periodic ripple structure, which arises from an intensity modulation of the
electromagnetic intensity at the surface, caused by the interference between the incident laser beam and a
surface propagating plasma wave [13]. Varying the excitation-wavelength continuously from 235nm to
255nm, we found an abrupt drop to zero enhanced growth for wavelengths greater than 252nm. Through
simulation of the laser-induced surface temperature rise, we could exclude laser-induced local heating as
the dominant stimulation mechanism. Furthermore, since the ripple formation is a surface phenomenon,
gas phase photolysis can not be responsible for the growth enhancemerit under illumination. The measured
wavelength edge, at photon energies much higher than the bandgap, further excludes reaction catalysis
through carrier generation near the semiconductor surface. This only leaves photolysis of the chemisorbed
adlayer as the dominant stimulation mechanism, which is consistent with the abruptness of the wavelength
edge indicating a quantum transition. With the knowledge gained about growth mechanisms during low
temperature AlGaAs growth and about the effect of the high unintentional carbon doping on the material
properties, we could conclude that the growth enhancement results from an acceleration rather than a
drastic alteration of the growth reactions.

Due to the unsatisfactory beam quality of the excimer laser for high resolution optical patterning and the
difficulty to control the optical power, we switched to a frequency doubled Ar" laser with output at 248nm
and 257nm wavelength. Investigating growth stimulation of different materials from a variety of
precursors, we succeeded in the laser enhanced growth of GaAs, InAs and InP from the organometallics
trimethylgallium, triethylgallium and trimethylindium and the hydrides arsine and phosphine. Significant
growth stimulation of all these materials was obtained at 248nm as well as 257nm. Since the cut-off
wavelength of 252nm for growth enhancement under excimer laser illumination falls between these two
available wavelengths the dominant stimulation mechanism with a CW laser source must differ from that
in the previous study. Depending on both laser and growth parameters, smooth growth surfaces or the
formation of penodxc surface ripples were observed in the stimulated growth reglon Since the laser-
induced temperature rise due to the CW laser is even less significant than in the excimer laser case, reaction
catalysis through photo-generated carriers constitutes the dominant CW laser stimulation mechanism.
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The formation of the laser induced surface ripples, which we observed the first time for CW laser
stimulated semiconductor growth, along with the possibility to accurately control the beam intensity caused
us to investigate this phenomenon in further detail. According to the widely accepted theory by Sipe et al.
[13], the patterns result from inhomogeneous energy absorption just beneath the surface, originally induced
by surface roughness. The interference between the incident laser beam and the laser-induced surface
propagating electromagnetic wave results in a standing wave pattern, which in turn leads to periodic
variations in the intensity of the electromagnetic radiation at the surface. Our results agree with the
predicted laser polarization dependence of direction and periodicity of these gratings. The periodicity is a
function of wavelength and angle of incidence. The dynamic evolution of these structures is believed to
strongly depend on a positive feedback mechanism [14]. The surface modification results from the growth
enhancement response to the intensity modulation and, in turn, enforces the standing wave amplitude.
Barborica et al. [15] investigated this system theoretically based on a simple linear surface response model.
Their simulations in form of a dynamic system with nonlinear delayed feedback predicts stable regions,
where the periodic structure is maintained, as well as random surface structures arising through the
subharmonic way to chaos. For the semiconductor melting by excimer lasers they investigated, the chaotic
regime occurs at higher laser powers. Figure 3 on the next page shows a collection of atomic force
microscopy images taken at the center of GaAs laser-stimulated spots grown under different conditions.
Laser intensity and growth'temperature were varied in the two-dimensional array fashion indicated. All
samples were grown from triethylgallium and arsine for two minutes. The surface morphology varies
under these experimental conditions from smooth growth over pronounced homogenous surface ripples to
random island formation. In accordance with the positive feedback model, we observe a chaotic regime at
high laser intensities coupled with lew growth temperatures. The growth contrast varies in dependence on
the feedback from 3 : 1 (smooth) to 135: 1 (chaotic). These experiments show that the degree of feedback
is equally dependent on laser intensity and growth temperature. The latter is the key parameter to the
reaction kinetics and thus growth rate. Since increased feedback is observed at lower growth temperatures,
we believe the increased dark growth rate at higher temperatures to be responsible for the suppression of
positive feedback. Under the right set of conditions, long range ordered homogeneous submicron gratings
can be produced in-situ for potential application in optical devices.

Selective area growth with sub-micron patterning resolution could offer the desired additional control over
InAs island formation via the Stranski-Krastanov growth mode. Thus, we investigated the selective area
growth of InAs quantum dots (QDs) by UV photostimulation. The growth was conducted at 435°C on a
GaAs substrate with a 3000A GaAs buffer. InAs from triméthylindium and arsine was deposited with
exposure to the 248nm laser beam for 0.75 seconds and, after an 8 second growth stop, capped with 150A
GaAs. The laser beam was focused onto the sample to a spot size of ~ 0.8 mm (FWHM), resulting in a
power density of 43W/cm®. Laser stimulated growth of bulk InAs under these conditions showed a 30%
growth enhancement. -

Figure 4 compares a 77K unpolarized photoluminescence spectrum taken in the dark grown region (Fig.
4a) to the spectrum from the center of the UV laser stimulated growth spot (Fig. 4b). The spectra were
recorded subsequently under identical conditions and are displ zyed on the same intensity scale. A probing
laser spot size of about 300um diameter (FWHM) at 10W/cm® was used. The UV laser excited growth

-region exhibits both QD and wetting layer (WL) luminescence at 1.358 eV and 1.435 eV respectively,

whereas only the WL peak at 1.445 eV is present in the unstimulated region. Thus, the 30% InAs growth
rate enhancement causes the transition from 2D to 3D growth mode to occur in the laser stimulated region
only. The QD transition energy is in good agreement with theoretical predictions [16] for our measured
island size of 7-9 nm diameter, and spectra comparable to that in figure 4 (b) can be found in the literature

[17].
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- Figure 3. AFM images of GaAs laser stimulated spots grown for 2 min. and under conditions as indicated.
The laser power was 180 mW in all cases.
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Figure 4. Photoluminescence spectra at 77K of (a) unstimulated region and (b) center of UV laser
stimulated region.

SCIENTIFIC IMPACT

We have shown that the composition of AlGaAs grown in the kinetically limited regime depends critically
on the V/III ratio due to TMA-arsine adduct formation. Furthermore, the high unintentional carbon doping
under these growth conditions affects the photoluminescence wavelength equally through bandgap
narrowing and strain. In our UV laser selective growth studies, we determined that photostimulation of the
adlayer reaction constitutes the dominant growth  enhancement mechanism under pulsed excitation,
whereas reaction catalysis through photo-generated carriers is the responsible mechanism under CW laser
illumination. Both stimulation mechanisms allow submicron patterning resolution. Self-induced surface
periodic structures were observed in both cases, where growth can be controlled to proceed smoothly
during CW laser stimulation. The surface morphology is highly sensitive to the combination of laser
intensity and dark growth rate. This finding furthered the understanding of the dynamics involved in the
positive feedback mechanism responsible for the grating generation. At proper conditions, long range
ordered homogeneous submicron gratings can be produced-in-situ for potential application in optical
devices. Optically active InAs quantum dots have been successfully growth area-selectively with CW laser
stimulation. : RN :
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Task #2 BROADLY TUNABLE FEMTOSECOND SOURCES AND
ULTRAFAST PROPERTIES OF OPTICAL MATERIALS

Task Principal Investigator: C. L. Tang, (607) 255-5120

OBJECTIVE

The objective of this task is to develop new femtosecond sources and measurement techniques and to apply
these to the study ultrafast processes in semiconductors and related quantum well structures. Emphasis has
been on applying the high repetition rate all-solid-state femtosecond sources in the important 3 to 5 um
range and the blue-green range first developed in our laboratory to the study of the relaxation dynamics of

-non-equlibrium carriers in elemental and compound semiconductors and quantum well structures. Main

emphasis has been on the dynamics of holes in GaAs in the mid-infrared.

DISCUSSION OF ‘STATE-OF-THE-ART

Development of femtosecond sources has focused on extending the wavelength range of such sources in
recent years. With the recent development of femtosecond optical parametric oscillators, which was
pioneeded in our laboratory, the accessable spectral range now extends from the near uv to the mid-ir. The
quasi-phase-matching technique in nonlinear optical frequency-conversion was initially proposed by
Bloembergen and co-workers in the early days of nonlinear optics. The recent development of periodically
poled lithium niobate (PPLN) has led to the development of a variety of highly efficient and compact all
solid state nonlinear optical devices. Of particular interest are the optical parametric oscillators using

PPLN! from cw to the nanosecond time domain. We have most recently demonstrated for the first time a

highly efficient broadly tunable femtosecond optical parametric oscillator (fs OPO) using PPLN2. The
threshold for oscillation of PPLN fs OPO is remarkably low, on the order of 60 mW. As a result, it is now
possible to use a diode-pumped and frequency-doubled Nd:YVOy laser, rather than an Ar-ion laser, as

the pump source for the mode-locked Ti:sapphire laser which in turn pumps the fs OPO. Such an all-solid-
state fs OPO can operate from approximately 1 to 5.4 microns, making this a very useful broadly tunable fs
source. The characteristics of the PPLN fs OPO will be summarized and discussed.

There have been numerous studies of the ultrafast dynamics of nonequilibrium conduction band electrons
in semiconductors such as GaAs using the femtosecond pump-probe technique in absorption-saturation
spectroscopy. Because of the limited wavelength accessibility of early femtosecond sources, both pump
and probe transitions tend to involve the same 'pair of energy bands. Theréfore, two types of carriers
inevitably contribute to the probe signals in such experiments. To interpret the data, it is often assumed
that the excited holes relax quickly to a quasi-equilibrium state and the initial transient characteristics of the
probe signal reflect mainly the relaxation dynamics of the excited nonequilibrium electrons. In recent
years, there has been much interest in the question of the validity of this basic assumption and in the study
of ultrafast relaxation dynamics of the holes independent of those of the electrons in its own right.

To study one type of carriers at a time optically, it is preferable to pump and probe between completely full
and completely empty bands. Conduction band electrons near the zone center in GaAs, for example, can
be optically excited from the heavy- or light-hole bands using the ~800 nm output of Ti:sapphire
femtosecond laser leaving the split-off band completely free of holes. The dynamics of these excited holes
can then be probed from the split-off band, which requires tunable mid-ir (~ 3 pm) femtosecond pulses.
The Ti:S pumped broadly tunable femtosecond optical parametric oscillators (fs OPO) with precisely
synchronized output pulses at multiple wavelengths developed by us are ideal for such a prupose. We
have carried out a comprehensive study of the ultrafast dynamics of holes in GaAs using two-photon
tunable femtosecond spectroscopy, by pumping the valence-to-conduction band transition at approximately
800 nm and simultaneously probing the transitions between the split-off and heavy- and light-hole bands at

around 3 microns. A similar approach has been used very recently by Camescasse et al.3 to measure the
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ultrafast redistribution of electrons created through heavy-hole and light-hole-to-conduction transitions by
femtosecond near-IR pulses and probed by visible pulses via the split-off-to-conduction band transition.

The two-wavelength femtosecond pump-probe spectroscopic technique4’5 described above to study the
ultrafast dynamics of heavy- and light-holes (HH and LH, respectively) in GaAs cannot be used to study
the dynamics of split-off (SO) holes, however, because direct optical excitation from the SO band to the
conduction (C) band will inevitably be accompanied by excitations from the HH and LH bands, leaving no
empty band to which the probe pulse can excite holes.

We have recently developed a new approach for studying the ultrafast dynamics of SO holes that also

offers new insight into the dynamics of HH and LH. It was shown in fs pump-probe experiments> that HH
and LH in GaAs come to a quasi-equilibrium distribution in less than a picosecond after the arrival of a fs
Ti:S pump pulse. After an initial rapid relaxation period, the C band electron and HH and LH distributions
vary very slowly for hundreds of ps, which is orders of magnitude longer than the expected lifetime of the
SO holes (~<100 fs). Excitation of holes from such nearly stationary HH or LH distributions to the SO
band by fs mid-infrared pulses will lead to induced luminescence due to recombination of the slowly
varying C band electron distribution with the SO holes. The time dependence of this mid-infrared-induced
luminescence will then reflect the ultrafast relaxation dynamics of the SO holes, which are expected to have
lifetimes that are much shorter than the time scale for variations in the C band distribution.

The lifetime of SO holes in GaAs is expected to be very short in part because the density of final states for
interband scattering from the SO band to the LH and HH bands is extremely high compared to the density

of final states for the reverse processes. .Calculations by Scholz6 indicate that the dominant scattering
mechanism for SO holes is the interband deformation potential scattering interaction with optical phonons.
The room-temperature lifetime for SO holes, including the effects of polar optical and deformation

potential optical and acoustic phonon scattering, was calculated to be ~54 fs.6 Aronov et al.7 determined
the lifetime of SO holes in highly doped (n-type) GaAs at ~2° K to be 130 fs by measuring the
depolarization of luminescence in a transverse magnetic field, and Woerner et al.8 were able to put an
upper limit of ~150 fs on the lifetime of SO holes in p-type Ge at temperatures ranging from 10° to 60° K

" using a two-wavelength pump-probe experiment. To our knowledge the lifetime of SO holes in GaAs at

room temperature has not been studied previously.

PROGRESS

A high-repetion femtosecond optical parametric oscillator that was broadly tunable in the mid-infrared was

demonstrated for the first time2. The all-solid-state-pumped OPO was based on quasi-phase-matching in
PPLN. The idler was tunable from approximately 1.7 um to beyond 5.4 pm, " with maximum average
power levels greater 200 mW and approximately 20 mW at 54 pm. We used interferometric
autocorrelation to characterize the mid-ir pulses, which had typical durations of 125 fs. This OPO had a
pump threshold for oscillation as low as 65 mW of average power, maximum conversion efficiency of
>35% into the near-ir, a slope effciency for the signal of approximately 60%, and a maximum pump
depletion of more than 85%.

We have carried out the first study of the dynamics of holes in GaAs using two-wavelength femtosecond
spectroscopy. Ultrafast relaxation dynamics of light and heavy holes in GaAs following femtosecond
valence-to-conduction-band femtoscecond excitation were measured by probing the light- and heavy-holes
from the split-off band at different mid-infrared wavlengths using the PPLN fs OPO described above. The
initial relaxation times are less than 75 fs, and a spectral hole-buming effect is seen. The results suggest
that carrier-carrier and optical-phonon scattering, in particular, polar optical-phonon scattering, are the
primary processes leading to the initial redistribution of heavy and light hales.

The ultrafast relaxation dynamics of split-off holes in GaAs is studied using a time-resolved two-
wavelength excitation luminescence technique. Following conduction-to-valence band transitions that are
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Task #3 CONTROLLING CHAOS IN LASERS AND FEMTOSECOND
CHARACTERIZATION OF SEMICONDUCTOR DEVICES

Principal Investigator: Clifford Pollock, (607) 255-5032
OBJECTIVES

We pursued two projects relevant to the Air Force mission: controlling chaos in lasers, and developing
tunable lasers for the 3-5 micron region. We explored the control of chaos in a single laser to create a rich
source of complex frequencies for applications such as secure communications, and to apply the control
techniques to semiconductor laser arrays. Our short-term goal was to develop chaos control techniques on
an additive pulse modelocked laser based on the NaCl color center laser. The long-term goal was to apply
these techniques to semiconductor lasers. Specifically we characterized the bifurcation diagram and the
chaotic attractors for the additive pulse modelocked laser. We were not able to explore the chaos studies
with semiconductor lasers.

We studied the creation of solid state laser crystals for use as tunable sources in the 3-5 micron region.
Cr2+ in chalcoginate crystals have been shown by workers at the Lawrence Livermore National Laboratory
to lase in this near-infrared region. We developed techniques to diffuse Cr into relatively inexpensive ZnSe
crystals, and have exploring lasers based on our diffused crystals. Our objective was to create an effective
means to produce the crystal, and to explore pumping and modelocked operation of the crystals. We
succeeded in making good quality laser crystals, and have tentative modelocking results.

DISCUSSION OF STATE-OF-THE-ART

In 1990, Ott, Grebogi, and Yorke (OGY) [1] at the University of Maryland demonstrated that chaotic
systems can be controlled by means of small steering perturbations. Small, judiciously chosen temporal
parameter perturbations are applied to force the system to approach the desired unstable periodic orbit. The
OGY algorithm was first implemented experimentally by Ditto[2] at the Naval Surface Warfare Center in
order to control the chaotic behavior in a magnetoelastic rikbon vibrating at 0.85Hz. Due to the long
oscillation period, there was ample time to calculate by computer the required feedback factor.
Experimentally, it is complicated and time consuming to calculate the OGY-required perturbations
necessary to stabilize the unstable periodic orbits. Hunt at Ohio University [3] successfully adapted the
OGY algorithm using a technique known as occasional proportlonal feedback (OPF) to control a 53kHz
sine-wave-driven diode resonator.

Using Hunt's OPF technique, Roy [4] at Georgia Tech controlled chaos in a diode-laser-pumped Nd:YAG
laser which contains a KTP crystal in the cavity as a second harmonic generator. The controlling
feedback was obtained by sampling the lasers output intensity and modulating the control signal to the
diode laser pump. In this manner, orbits up to period 9 were stabilized for durations of several minutes.
Bielawski et al.[5] stabilized the unstable pernodlc orbits in a Nd-doped optical fiber laser that was
operating at 15kHz.

Pyragas [6] showed that low period UPOs could be stabilized by continuously applying time-delayed
feedback. This scheme has also been applied by Glorieux et al. [7] in order to control unstable periodic
orbits in a carbon dioxide laser that typically operates at the relaxation oscillation frequency of 400 kHz.
This was accomplished by modulating an intracavity electro-optic modulator with the constantly amplified
difference between the output intensity and the one period delayed intensity.

Extending chaos studies to higher frequencies has been one of the driving themes of this work. Mitschke
et. al. [8] have done work the most similar to what we list in this report. ' An Additive Pulse Modelocked
laser provides a nonlinear system that is noted for operating in chaotic states. Using a Nd:YAG laser, they
observed period doubling behavior with an APM laser. Their work was not supported by a model of the .
chaotic laser.
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Tunable IR lasers: Progress in developing tunable lasers in the 3-5 micron region has been very slow for
the past decade. In the '80s there was great hope that color center lasers would fill this gap, yet the ability
to create stable lasers based on color centers in alkali halides proved impractical. In 1996, DeLoach et. al
[9] demonstrated a new class of laser based on Cr2+ doped into zinc chalcogenides. Cr:ZnSe has been the
most actively developed laser of this class, with a room temperature tuning range spanning 2.13 - 2.80
microns. Page[10] demonstrated pulsed operation of this laser using a laser diode pump operating at 1.65
micron, and recently Carrig et al.[11] demonstrated strong cw lasing using a Tm pump laser. Extending the
tuning range toward longer wavelengths Adams et al [12] demonstrated Fe-doped ZnSe laser tunable i ina
- narrow region around 3.98 micron.

PROGRESS

The controlled chaos work was primarily performed by Eric Mozdy, a JSEP fellow. In this work we used
an additive-pulse modelocked laser as a nonlinear system that could be manipulated to display chaotic
operation. In order to systematically observe the chaotic operation of the laser, several advances in APM
technology had to first be achieved. We first systematically improved the modelocking techniques used to
initiate the APM laser, then we used the improved lasers to make experimental observations bifurcation
diagrams. These are summarized below in the order of publication.

Saturable Bragg Reflector Modelocked NaCL:OH" Color Center Laser [IEICE Trans. Electron. Vol. E81-C,
February 1998, pp.125-128] {13] ~ -

The additive pulse mode-locked laser used- in these experiments provides a rich source of chaotic behavior
for observation, but unfortunately it was hampered by multiple instabilities, such as a “sawtooth” amplitude
feature due to the asynchronicity of the self-modelocking frequency and of the mode-locked pump laser.
Since the chaotic behavior we were seeking appears as amplitude ‘variations, the sawtooth was a serious
noise source. The best solution for eliminating it was to use a cw pump, but this then eliminated the
starting mechanism that maintained the APM operation. ‘Based on recent results using Ti:Sapphire lasers
[12], we decided to try using a saturable absorber based on quantum wells grown over a Bragg reflector in
order to sustain the modelocked operation of the NaCl laser.

We had developed an SBR for a Cr:YAG laser in collaboratlon with Mike Hayduk at Rome Laboratory
[20]. This SBR was designed to work at 1.52 um, which was within the tuning range of the APM laser.
The cavity was configured as shown below in fig. 1. The SBR was used as a high reflector on one end of °
the cavity. A focussing mirror was used to boost the intensity. of the mode on the SBR.

3.5% O.C. NaCl - HR
77K .
e , % _1oeum
Output - -~ <
1Y pump
f=5cm lenses
‘ I SBR on Cu

R=10cm heatsink

Fig. 1. The NaCl SBR modelocked laser

Fig. 2 shows a sample output pulse autocorrelation and corresponding spectrum of a 233 fs (sech?) pulse,
yielding a 0.33 time-bandwidth product. In contrast to regular APM operation, this laser was self-starting
even when pumped by a cw laser, and needed no active or passive adjustment to maintain-operation.

{
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Fig. 2 Sample pulse autocorrelation and spectrum of a 23 fs pulse from a NaCl SBR laser.

The tuning range for this laser was limited by the spectral reflectivity of the Bragg grating, but was found
to deliver transform limited pulses from 1.499 to 1.535 pm. The stability of this laser provided a dramatic
advance in the utility of modelocked color center lasers lasers.

. NaCl:OH- Color Center Laser Modelocked by a Novel Bonded

Saturable Bragg Reflector [Optics Communications, 151, pp.62-64 (1998)] [14]

The SBR used to generate the data in Figs. 1 and 2 was grown specifically for a Cr:YAG laser, and so our
ability to extend the tuning range to new regions was limited by our lack of new SBRs. In collaboration
with Prof. Yu Hwa Lo of this JSEP program, we developed a new type of SBR based on bonded quantum
well absorbers. Prof. Lo’s work was on VCSEL lasers using bonded structures. Part of his experimental
procedure was to grow a set of quantum well appropriate for the wavelength he needed, and then
subsequently he would bond the high reflector and output coupler to the form the VCSEL. Since his
VCSEL work was focussed in the 1.55 pm spectral region, we used one of his quantum well structures to
form an SBR. The QW stack was bonded to a Bragg reflector grown to match the QW emission, and this
was used as an SBR in our cavity. The cavity structure is identical to that shown in Fig. 1. The bonded
SBR provrded much higher output power, which we attribute to a better Brag reflector, and it was much
more robust in mode-locking, which we attribute to the deeper modulation created by the increase in QW

-compared to our first SBR. A sample output pulse is shown in fig. 3

|Av = 1.63'TH}

T, = 270 fs (secﬁ) ‘

Intensity
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Fig. 3 Pulse autocorrelation and spectrum of a typical bonded SBR NaCl laser.

The time-bandwidth product for the pulse shown in fig. 3 is 0.44, indicating it has a slight chirp. Like the
SBR laser in the previous section, the laser was self-starting and very stable, providing up to 500 mW of
output power. Not only was the performance improved over the previous SBR design, but the bonded SBR
demonstrated the ability to use widely-available VCSEL QW structures to make SBRs for various
wavelengths. The cost of a dedicated growth run to make an SBR is prohibitive for small users, but the
comparatively large number of VCSEL components being generated at numerous wavelengths in the 1.3
and 1.5 um spectral region opens the possibility that a user can find a useful device.

20




13

Self-starting of an additive-pulse modelocked laser using a novel bonded saturable Bragg reflector, [IEE
Electronics Letters, vol. 34, pp. 1497 (1998)] [15]

The main purpose of the SBR was to provide self-starting for the APM cavity, so as to eliminate the gain
modulation that always occurred when pumping asynchronously with a modelocked laser. Fig, 4 shows the
cavity for the SBR/APM laser. The only modification is the addition of 40 centimeters of single mode fiber
into an external cavity of the laser. The length of the external cavity is precisely matched to that of the

primary cavity.

Polarizing T=30%
APM Laser Beamplitter ocC.

Output

5mmAR-coated —>
CouplingSpheres

~

a4

L=40cm
OpticalFber

HR

Fig. 4 The hybrid SBR/APM laser cavity, which is simply an alteration of the APM laser to include the
SBR device.

-

An autocorrelation trace of the output of the SBr/APM laser is shown i in fig. 5. This autocorrelation is un-
averaged and in fact represents the free-running APM operation, meaning that no cavity length stabilization
was employed. This feature is critical for the chaos studies described below.

Second Harmonic Intensity [arb. units]

Delay [~575 fs/div} ‘
Fig. 5 Interferometric autocorrelation of the free-running hybrid APM laser, dlsplaymg the exceptionally
clean baseline devoid of all sawtooth behavior.

Deterministic generated noise amplification in the period-doubling bifurcations of an additive-pulse
modelocked laser, [Physics Letters A 249, pp. 218-222, (1998)] [15]

Theoretical simulations of chaos demonstrate the sensitivity of small perturbations to the long-term
dynam:cs of a system, but these simulations are difficult to verify experimentally due to the presence of
noise. Crutchfield [16] studied the impact of noise on the period-doubling route to chaos. His central
finding was that additive noise tends to blur the features in bifurcation diagrams and attractors, and tends to
destroy some of the higher periodicities in the bifurcation diagram. The impact of these studies to our
APM chaos studies was that we should expect to see a lot of detail or hlgh-penod orbits in the experimental
data. This was born out in the data. Several groups [17] have studied noise in general and found that the
steady state noise power spectrum acquires a well-defined peak at the period-two oscillation frequency.
This noise is much greater than the original source, and is deemed an amplification of the noise.
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We observed a noise-induced period-two behavior, but it was in fact more complex than predicted by
others [17]. We tuned the laser to a period-one region, and observed the noise power spectrum. In this
condition a weak period-two oscillation can be seen using a spectrum analyzer. Far from the bifurcation
point, the period-two-like frequency appears slightly below the true period-two frequency for the pulses.
As the bifurcation parameter moved closer to the bifurcation point, the frequency was pulled closer to the
true period-two frequency, culminating in actual bifurcation. The power spectra below show the size and
evolution of the pulse as the bifurcation point is approached.

(2]
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Fig.6 The progression of “period-two noise” in the period-one APM output. ‘The actual noise starts below
the natural period-two frequency (45.68 MHz in this case), then comes closer as biftircation is approached.
(a) is furthest from bifurcation, and (f) is closest. '

We found that the strength and magnitude of the frequency pulling could be modeled by invoking multi-

path feedback due to reflections from external components. This model was developed by Park[18] to
describe self pulsing in semiconductor lasers with external cavities.

Chaos in additive-pulse modelocked lasers [19]

By experimentally varying the forward fiber coupling while recording a time series of APM output pulse
energies, we produced the first experimental bifurcation diagram for the APM laser. This bifurcation
diagram clearly demonstrated both quasi-periodic behavior as well as the period-doubling route to chaos
predicted by the numerical simulations of previous work[19]. The bifurcation plot is shown in Fig. 7
attached to the next page, as a function of coupling parameter, y.

We performed both graphical and a more quantitive (prediction) analysis on.the chaotic time series data to

ensure that the output was indeed chaotic and compared favorably with the APM model. By incorporating
simple additive noise into the APM model simulations, we were able to show that the experimental **white"
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noise contribution to APM instabilities is on the order of only 0.7%. The bifurcation dlagram shown here
is one of many possible diagrams, since several APM parameters (relative cavity phase, gain, fiber length)
can cause period-doubling bifurcations into chaos. By demonstrating the typical APM route to chaos
however, this work confirms the accuracy of the traditional iterative APM model [18] and indicates the
APM laser as a useful platform for further nonlinear dynamics study.

Cr:ZnSe Laser

We have just recently obtained the first lasing from one of our Cr:ZnSe laser crystals when pumped with a
color center laser at 1.65 um. With 1.3 W of input pump power, we were able to generate 200 mW of
tunable output power from the 2.2 mm thick ZnSe crystal. The crystal is a relatively inexpensive
polycrystallme ZnSe window that was doped via an additive coloration process where the crystal is
suspended in the vapor of CrSe. The crystal was heated for 5 days at 800 degrees C at atmospheric
pressure. These results are not new, as others have demonstrated ¢ lasing with this material, but it does
confirm that we can now do it, and puts on the path to develop,this system. We have tentative results with
modelocking the laser using an acousto-optic modulator, however due to the lack of high speed A
instrumentation in the 2.5 pm region, we can only confirm that the pulses were shorter than 300 psec. We
also used a modelocked color center laser to sync pump this system, and got a similar result.

We are still working on this crystal. With a few simple optics we will be able to accurately measure the
pulse width of the modelocked laser output. Next on the agenda is to dope ZnSe with Fe, which will

_ provide a laser source at 4 pum.

SCIENTIFIC IMPACT

In this work we were able to advance the state-of-the-art of modelocked lasers in the near infrared region
through saturable Bragg reflector techniques. These methods of modelocking femtosecond lasers are being

adapted and applied to numerous lasers, and has advanced the technology of femtosecond pulse production

from solid state lasers. We were able to experimentally map out a bifurcation diagram for a modelocked

laser, and this was one of the first experimental observations of such a process. Finally, we are advancing
the state of the art in mid-IR tunable lasers, which has thé* potentlal of making the first practical and
- deployable counter-measure lasers for defense use. .

-
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TASK #4 LASER PHYSICS FOR LONG WAVELENGTH HIGH-
SPEED APPLICATIONS

Principal Investigator: J. Peter Krusius, (607) 255-3401
OBJECTIVE |

The original objective of this task was to explore the physics of long wavelength, especially at 1.3um and
1.55um, and ultra-fast lasers based on compound semiconductor materials. However, due to the JSEP
phase-out and reduced resources, the objectives were changed and completion the ongoing study of
fundamental optical processes and carrier relation remained the highest priority. This work has been based
on an extensive understanding of the fundamental physics of the optical processes and carrier dynamics in
compound semiconductor devices, which was provided by self-consistent Ensemble Monte Carlo (EMC)
simulation in combination with femtosecond dual-pulse correlation spectroscopy. In order to describe the
complexity of the physical processes in detectors and lasers, an attempt has been made to incorporate all
the important physical phenomena involved, including band structure, quantization, lattice strain, carrier
dynamics, carrier confinement, Auger recombination, inter-band absorption, optical gain, and carrier and
lattice heating in state-of-the-art strained multi-quantum-well laser structures. The investigation has been
conducted in collaboration with materials, optical measurement, and device fabrication tasks of this
program. .

DISCUSSION OF STATE-OF-THE-ART

Although optical communication systems have achieved remarkable success over the past few decades, the
development of critical optoelectronic devices such as optical sources, optical amplifiers, and
photodetectors still faces challenges. These include: higher signal to noise ratio, greater bandwidth or
higher operation speed, higher quantum efficiency, lower power consumption and thermal stresses, easier
fabrication and integration, greater compatibility, smaller size, and better linearity for analog applications.
- A further challenge is to integrate as much as possible the yarious desired improvements into optimal
devices. ’ : '
Carrier confinement in active region largely determines the quantum efficiency and power dissipation in
semiconductor lasers and light emitting diodes (LED). Vertical confinement can be realized by schemes
such as homojunctions, heterojunctions and single, or multiple, quantum wells. Two-dimensional quantum
wire confinement has also been considered. Lateral current confinement has been attempted and is
generally more difficult to achieve. Both LED’s and semiconductor lasers suffer from quantum noise
resulting from the statistical nature of carrier recombination. Lasers also exhibit modal noise, such as
mode-partition noise in multimode lasers or jumping between modes in single mode lasers. Modal noise
can be reduced by limiting the lateral and transverse modes by optical confinement and by using
wavelength-dependent mirrors, such as Bragg reflectors to limit the operation to a single longitudinal
mode. The modulation bandwidth of an LED is determined primarily by the carrier recombination time in
the active region, because their structure does not provide any transport mechanisms to sweep the carriers
out of the active region. Thus, high-speed modulation can only be achieved at the expense of high power
operation. The modulation bandwidth in semiconductor lasers is ultimately limited by the relaxation
oscillations of the laser field. This limits present laser modulation bandwidths to about 30 GHz. Ease of
integration and better compatibility with electrical devices, and more efficient coupling have become more
and more important. VCSEL'’s (Vertical Cavity Surface Emitting Lasers) excel in these. respects over the
more conventional edge emitting lasers, especially in array and single mode operation applications.

State-of-the-art optoelectronic sources and amplifiers, such as VCSEL’s, incorporate a number of
sophisticated structures including heterojunctions, quantum wells, and-dielectric mirrors to provide
simultaneous electrical and optical confinement. The physics of carrier transport and optical processes in
such structures is very complex and is generally not, especially in quantum structures, fully understood. In
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particular, inhomogeneities in carrier distribution functions have significant effects on laser performance.
Hole buming in the carrier distribution functions and carrier heating have been shown to contribute
nonlinear terms to the laser gain [1-2], while spatial hole burning can contribute to laser instability [3]. The -
index of refraction, and the fundamental band gap are functions of the distribution of carriers both inside
and outside the active region. This affects both the gain and the width of the laser line [4-6]. It has been
found via simulation that complex structures such as heterojunctions and quantum wells lead to the
formation of space charge layers and large electric fields that have serious consequences for both the static
and dynamic operation of the device [7]). These effects will also significantly affect all device
characteristics from microscopic carrier distribution functions to macroscopic device parameters.

Many theoretical models for use in the design and optimization of photonic semiconductor sources exist.
However, in past models the emphasis has been on the optical physics, while the complexities of carrier
transport and device physics mentioned above have been de-emphasized or even neglected. These include
models based on transmission lines [8-9], the circuit approach [10], coupled-wave theory [11], density
matrix formulation [2,12] and rate equations [13-15]. In some of these models the optical aspects are quite
sophisticated, but the rest of the device physics is highly simplified. In each of these cases the physics of
the gain media is modeled by simple rate equations. Usually the details of the carrier transport, space
charges, and distribution function effects are almost completely neglected. Even in models which treat
carrier transport within the drift-diffusion formalism in one or two dimensions [16], many complex
physical phenomena such as non-equilibrium carrier transport, spatial inhomogeneities, non-thermal carrier
distributions resulting from hole burning, are not treated to their due importance.

The ability to accurately describe all significant aspects of the physics of optoelectronic devices is severely
limited in published models. Moreover, highly non-equilibrium conditions and many-body effects play a
much more prominent role in ultra-fast lasers and need to be addressed from the microscopic level.
Therefore it was necessary to simultaneously study both the optical and electronic aspects of device
operation down to very short time scales (10fs) and to very small device dimensions (100nm). We have
worked on a theoretical model based on sound first principles and backed by experimental verification [17,
18]. Such a first-principle approach can also provide information about the fundamental limits and the
ultimate achievable device performance. Also, important specific physical parameters of specific systems
can often be computed using this method. Finally, practical device design trade-offs and guidelines for this
class of optoelectronic devices can be formulated on the basis of the understanding provided by the
investigation of the fundamental physics. )

~
-

PROGRESS

This task included the following three areas: (1) near band gap femto-second optical probing and carrier
relaxation, (2) fundamental physics of operation of optical detectors, (3) fundamental physics of optical
sources. :

Research in area (1) had been completed. Many non-equilibrium, many-body physical processes, such as
Coulomb enhancement, band renormalization, carrier-carrier scattering, and dynamic carrier screening,
were found to be important factors in the relaxation of carrier generated using ultra-fast optical pulses.
These processes were all included in the formulations and simulation of carrier relaxation. The resulting
ensemble Monte Carlo code was used to study carrier relaxation on the time scale from 100 fs to about 2 ps
in the near-band-gap excitation regime. Excellent agreement of the simulation results with experimental
data was found and explained without using any adjustable parameters [17, 18]. This placed much
confidence in the validity and accuracy of our self-consistent semi-classical ensemble Monte Carlo method,
. which explicitly includes non-equilibrium and many-body phenomena. Details of this work have been
reported in JSEP publications. !

Based on this understanding of carrier dynamics and optical interactions, we embarked on the study of the
fundamental intrinsic operation of metal-semiconductor-metal (MSM) photodetectors on the femto- and
picosecond time scales. In order to keep the problem tractable, a one-dimensional real space and three-
dimensional momentum space configuration was used. All relevant physical conditions and processes in
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photodetectors were incorporated, including inhomogeneous doping, short spatial length scale variations in
the carrier density, spontaneouis emission, metal-semiconductor contacts, and a conduction band structure
with I and L valley minima. Holes were of course fully included as well.

An extensive study of the fundamental response and operation of MSM photodetectors has been completed
[17). It was found that the ultra-fast photo-current response (Fig. 1) of these detectors has three
components: the initial fast I electron overshoot component, the slower secondary electron contribution in
the L valley which lies about 320 meV higher than the I" point in GaAs, and the slowest third component
originating from the hole drift current.

()

—

o
)

e
o

o
FS

o
)

|

Normalized Photocurrent

o
[®

Q
N
o
[ ]

4 6 10 12 14
Time (ps)

Fig. 1. Fundamental photocurrent response of an MSM photodetector for 0.5 um device length with a
20 kV/cm applied field (left graph). A femtosecond pulse has generated the electron-hole pairs.
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20 kV/cm applied field to the fundamental photocurrent response of an MSM for 0.5 um device length
with a 20 kV/cm applied field (right graph). A femtosecond pulse has generated the electron-hole
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It was further found that each of these components can be significantly affected by external electric fields
and by the length of the device in complex ways (Fig. 3, 4). Generally, the transient phase of the response,
consisting of fast electrons, is more prominent in cases with lower external electric fields and/or shorter
device lengths. The effect of the excitation photon energy on the response of the two electron populations is
also significant (Fig. 5). Excitations high above the band edge heat electrons very quickly and cause them
to transfer into the slower L valley, thus increasing the electron transit time (Fig. 5). Screening of the
electric field by the excited carriers was observed at high excitation levels. '

As stated above research in area (3) was de-emphasized and more effort devoted to the understanding and
development of the first-principles physical formulation. This effort has provided additional insights into
the physics of III-V laser materials and devices via further investigation of carrier generation, relaxation,
and transport. Our previously developed formulations and models are of course fully relevance to all
optoelectronic devices including lasers.

We found that the scattering rates and energy transfer rates of carriers on the femtosecond scale obtained
from our dynamic model are quite different from those obtained from other models (Figs 1, 2). Although
these results were obtained under condition of equilibrium, they are relevant to lasers in that they are
derived from a dielectric function that is dependent on the ever-evolving distribution functions of the
carriers. Modulation of semiconductor lasers involves carrier transport, and the maximum modulation
frequency depends on the rate of carrier relaxation. The dynamic model shows the significance of carrier-
carrier scattering and dynamic screening in such relaxation processes.
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Fig. 3. Normalized photocurrent response of an MSM photodetector with a 0.25 um device length for
three electric fields: 5, 20 and 50 kV/cm (left graph).
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Fig. 4, Normalized photocurrent response of an MSM photodetéctor with an electric field of 20 kV/cm
and four device lengths: 0.1, 0.25, 0.5 and 1.0 um.
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Fig. 5. Normalized photocurrent response on a MSM photodetector with 0.25 pum device length a 40
kV/cm electric field for three photon excitation energies: 10, 210, and 320 meV above the direct gap
band edge.
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from the self-consistent ensemble Monte-Carlo method for dynamic and static screening (left graph).
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Fig. 7. Average electron-electron energy transfer rate as a function of electron plasma density as
computed from the self-consistent ensemble Monte-Carlo method for dynamic and static screening
(right graph). The III-V material is Ing 53Ga, 47As and temperature 300K.

We have further investigated the impact of the photon excitation energy and the femtosecond optical pulse
intensity on the carrier relaxation in compound semiconductors. While it might appear that the effects of
the pulse intensity is relevant to lasers, the effects of excitation photon energy are not, because lasers do
operate at fixed wavelengths. However, our investigation shows that the effects of pulse intensity and the
effects of excitation photon energy are intimately linked to each other through the presence of two many-
body processes, Coulomb enhancement and band renormalization. These two processes convert changes in
pulse intensity, and hence carrier density, into changes in effective band gap and hence in effective
excitation photon energy. These latter changes in turn affect carrier densities and dynamics, making the
carrier processes in lasers highly complex. Within our framework, all these effects are treated in a self-

consistently and therefore their interaction are fully included.
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Fig. 9. Comparison of exponential time constants obtained from' simulated pulse-probe experiments as
a function of photon energy between full model and standard model (right graph). The pulse intensity

and pulse width were 3.8 x 10 eV/cm2 and 175 fs respectively.

Figs. 8 and 9 illustrate the effects of excitation photon energy and pulse intensity on carrier relaxation.
They involve rich physical phenomena [17] that will be present in III-V lasers. These fundamental
phenomena can serve as a solid foundation for future research into fundamental carrier dynamics in
semiconductor laser device structures.

SCIENTIFIC IMPACT

The investigation femtosecond carrier exitation, relaxation and transport in III-V semiconductor materials
using the self-consistent Ensemble Monte Carlo method developed in this work has produced results that
are in remarkable agreement with measured data on near band gap carrier relaxation [18). This lends
credibility to the validity and completeness of the present method to described complex non-equilibrium
phenomena in optoelectronic devices. The understanding of the interplay between several fundamental
carrier processes, including Coulomb enhancement, band renormalization, carrier-carrier scattering, and
dynamic screening, has been significantly enhanced. The results and insights gained from this investigation
will continue to be highly relevant to and useful for the investigation of the fundamental physics of lasers
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based on ultra-fast compound -semiconductor materials. Furthermore, the sophisticated, comprehensive
simulation methodology that was developed in this task has been shown provide fundamental insight and
design guidelines for optoelectronic devices constructed from these materials. As the computational
capability of digital computers improves more and more of the physics explored in this task can be
exercised in complex practical device structures that operate under highly non-equilibrium conditions in

three dimensions.
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Task #5 LONG WAVELENGTH (1.3/1.55 ym) VERTICAL CAVITY
LASERS FOR HIG SPEED COMMUNICATIONS

Principal Investigator: Yu-Hwa Lo, (607)255-5077

OBJECTIVE

The objective of the research task is (1) to develop enabling technologies to fabricate 1.3/1.55 pm
wavelength vertical cavity surface emitting lasers, (2) to optimize the device performance through
understanding of device physics, and (3) to develop viable technologies for VCSEL integration on Si for
applications such as optical communication and interconnect.

DISCUSSION OF STATE OF THE ART

Welch et al recently demonstrated 1.3 pm VCSELSs that can operate at higher than 80C with greater than 1
mW output power using the wafer bonding technology. However, the devices produce multi spatial modes
and are optically pumped by integrated 980 nm GaAs VCSELs. The UCSB group has recently discovered
that by introducing superlattices at the p/p InP/GaAs bonding interface, the interface resistance can be
reduced and the internal quantum efficiency of the laser is enhanced. As a result, the 1.55 pm VCSELs can
achieve 80C CW operation under true current injection conditions. In addition to wafer bonding, people
are vigorously exploring other approaches, including N-doped InGaAs, self-assembled quantum dots, and
Sb-compounds. At present, none of these alternative approaches have shown device performance close to
what have been demonstrated by wafer bonded VCSELs. On the other hand, although the works by Welch
and UCSB showed performance improvement of long wavelength VCSELS, their studies also revealed the
tremendous technical challenges 1.3/1.55 ym VCSELs are facing. It calls for new device design and
enabling processing technologies to turn long wavelength VCSELSs into commercially viable devices.

PROGRESS

We are one of the first groups that demonstrated 1.3/1.55 pm VCSELs using direct wafer bonding
technology. The basic device structure contains InP-based gtrain-compensated multi-quantum-wells, a
bottom GaAs/AlAs DBR mirror, and a top dielectric mirror, as shown schematically in Figure 1. The
device performance critically depends on two factors: the resistance-across the GaAs/InP bonding interface
and the effectiveness of lateral current confinement. High interface resistance enhances the Ohmic heating
effect and raises the junction temperature, considered as the key performance limiting factor. We found
that the p-p InP/GaAs fused junction has high resistance and shown a hysteresis loop in its I-V
characteristics due to the high density of surface states. Hence an n-n InP/GaAs fused junction is preferred
from the point of view of resistance reduction. However, the n-n fused junction imposes two additional
problems in device fabrication. First, to achieve an n-n fused junction, the active layers have to have a p-
layer down structure where Zn-diffusion into the active layer may be a problem. Secondly, the lateral
carrier confinement, the other critical performance limiting factor, becomes more difficult to achieve
because of the much higher electron mobility than holes. In other words, electrons can spread farther out
laterally than the physically defined laser aperture. The current that bypasses the laser aperture is
considered as the leakage current, thus raises the laser threshold. Through device/process optimization
using technologies that are currently available to us, we demonstrated 1.3 pm VCSELs with 1 mA
threshold currents and the highest operation temperature of 45 C (see Figures 2-3). Although these are the
record results for 1.3 pm VCSELs, they are still much inferior to the results demonstrated by GaAs
VCSELs and can not meet the specifications for commercial applications. It calls for new device design
and enabling processing technologies to turn long wavelength VCSELS into commercially viable devices.
This motivates our second phase of research on long wavelength VCSELs, which incorporates several new
features into the devices.

35



Light output

Dielectric mirror

confinement

layer GaAs/AlGaAs

DBR mirror

Aperture

Fig. 1. Schematic of wafer-bonded 1.3 pm VCSEL with an embedded current confinement layer.

(1) Using Esaki junctions and multiple groups of quantum wells

One fundamental difficulty in any long wavelength VCSELSs is the high Auger recombination rate and high
temperature sensitivity. Although our 1.3 pum VCSELs can operate up to at least 110C (lumted by the
heating capacity of the TE cooler) in pulsed condition, the devices can only operate at 45C in CW due to
Ohmic heating. If one wants to use the multi-layer DBR mirror, the series resistance of the DBR mirror
and the Ohmic contact resistance will inevitably increase the total series resistance to a minimum of about
50 Q, much higher than the typical resistance (6 ) for edge-emitting 1.3 pm lasers. Due to the simple 'R
relation for Ohmic heating, one has to reduce the operation current to a minimum and to increase the -
internal quantum eﬁ'ncxency to greater than 100%! This sounds unpossxble but can actually be achieved
using Esaki tunnel junctions to connect multiple groups of quantum wells in the laser active region.
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Figure 2. L-I characteristics Figure 3. Dependence of threshold current

on temperature.

In the ideal case where series resistance is zero or negligible, using a single quantum well group or multiple
quantum well groups connected with Esaki junctions is expected to yield similar device performance. The
design with Esaki junctions trades current with voltage, so the laser will operate at a higher voltage with a
lower current, leading to the same wall plug power efficiency to the first order. However, if the series
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resistance becomes significant, as in the case of 1.3/1.55 pm VCSELSs, the Esaki Jjunction design will be
much more power efficient than the conventional design. Having two quantum well active regions
separated by an Esaki junction, the threshold current of the laser is reduced to about half of the original
value (with the bias voltage doubled), thus the Ohmic heating is reduced by a factor of 4. Above threshold,
one injected carrier will be used twice, once in each quantum well region, to generate twice as many
photons and opti¢al gain as the conventional structure, hence the intemal quantum efficiency can be greater
than 100%. Taking into account all other factors, Figure 4 shows the maximum CW operating
temperatures for 1.3 pm VCSELS as a function of the series resistance. Clearly the VCSELSs using Esaki
Junction(s) to connect different groups quantum wells are much less sensitive to the series resistance than
conventional VCSELSs.

(2) InAlAs Oxidation Layer for Current Confinement

One key reason why GaAs VCSELs work so well is the availability of selectively oxidized AlGaAs. At
around 400C in steam, the AlGaAs layer with high Al concentration can be laterally oxidized to form a
very stable insulating layer to confine carriers laterally. However, one can not easily find materials having
similar properties in InP-based long wavelength VCSELs. Previously, we used the wafer bonded AlGaAs
layer for current confinement. Because the distance between the current confinement layer and the
quantum wells is separated by several thousand Angstroms, the problem of current spreading still exists,
although to a lesser degree. Several research groups including ours have been looking into materials that
are compatible with InP and can be selectively oxidized as AlGaAs. Our initial work of lateral oxidation of
AllnAs has shown that InAlAs with 48% aluminum may be a good material candidate for current
confinement. We have demonstrated a reasonable oxidation rate of the order of 1 pm/min at 450 C and a
lateral oxidation layer as deep as 25 pm from the edge of the mesa can be formed out of InAlAs. The
electrical and optical property of the oxidized InAlAs is adequate for current and optical confinement. The
Auger analysis showed that during oxidation, the In and As atoms leave the material or form precipitates
near the oxide/semiconductor interface so the oxide is mostly Al0. However, the relative high oxidation
temperature has caused thermal damage to the nearby InP layers. The challenge is to find an effective
protection layer lattice matched to InP so that when AllnAs is oxidized, the InP layers are properly
protected. Our recent experiment has found that a pair of thin strained InGaAs (30% In) layers that
sandwich the InAlAs oxidation layer showed promise for this purpose. With the InAlAs selective
oxidation layer and the Esaki junction described previously, we can expect in confidence that 1.3/1.55 pm
VCSELSs of much improved output power and operating temperature can be achieved.
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Fig. 4. Maximum CW operation temperature for 1.3 pm VCSELs of different series resistance with (a)
three groups of quantum wells connected by 2 Esaki junctions, (b) two groups of quantum wells connected
by 1 Esaki junction, and (c) conventional VCSELs. Curve (a) is calculated using a long wavelength
VCSEL simulation program without experimental data.
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(3) VCSEL Integration on Si

Because one of the ultimate goals for VCSEL research is to achieve optoelectronic integrated circuits for
applications such as optical interconnects, we have also expanded our research effort to VCSEL integration
on Si. Since long wavelength VCSELs are not mature enough for integration with Si microelectronic
circuits, we have used GaAs short wavelength VCSELS for this study. However, the enabling integration
technologies developed here can be applied to long wavelength VCSEL integration as well. For integration
of III-V with Si, wafer bonding is the prevailing approach due to the high quality material the process
produces. However, the wafer bonding process used to make long wavelength VCSELSs creates a serious
problem for integration of III-V and Si because of the large thermal stress. Among semiconductors, Si has
about the lowest thermal expansion coefficients. When compound semiconductors such as GaAs is bonded
to Si at high temperature (typically 550 to 700C), the GaAs layer will be under severe tensile stress after
the sample is cooled to room temperature. The high built-in tensile stress in GaAs, which is many times of
the yield stress, can generate dislocations, cause bedonding, and create film cracking. Therefore, a
different wafer bonding process than GaAs/InP bonding has to be developed for VCSEL integration on Si.
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Fig. 5. Schematic and L-I characteristics of GaAs VCSELS on Si substrates.
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Over the last year, we have demonstrated, for the first time, a room temperature wafer bonding process that
can fuse GaAs epitaxial material directly to Si using spontaneous surface reaction. The bonding strength
was found to be at least 50% of the intrinsic Si-Si bond (i'e about 3 Joules/m?), sufficient for all device
processing. Because the GaAs layers were bonded to Si at room temperature, the GaAs devices are stress
free during normal operation conditions. Even when the temperature rises for a short period of time for
VCSEL process (e.g. 400C Ohmic contact alloying), the GaAs layer is under compression instead of
tension so film cracking, a most common problem for GaAs/Si heterogeneous material, does not occur.

Figure 5 shows the L-I characteristics of GaAs VCSELs on Si. The threshold current (620 pA), the

external quantum efficiency (55%), and the output power (>4 mW) are all the record values for VCSELSs on
Si.

In summary, although the JSEP research has to end early, we have made significant progress in long
wavelength VCSELs and VCSEL integration on Si. In the first design involving wafer bonded DBR
mirrors and InP-based quantum wells, we have demonstrated 1.3 um VCSELs with world record
performance in their threshold currents. A cw threshold current of 1 mA and a pulsed threshold current of
0.85 mA were achieved. The results of the first VCSEL design also reveal the problems of high series
resistance and ineffective carrier confinement, which leads to the new design of long wavelength YCSELS.
The salient features in the new VCSEL design include the use of Esaki junctions to connect different
groups of quantum wells in series and selective oxidation of InAlAs for carrier confinement. The concepts
and technologies for both approaches have been demonstrated, and research is going on to incorporate both
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features into the VCSELs. Finally, studies on the aspect of VCSEL integration on Si were performed.
GaAs VCSELSs instead of InP VCSELs were used in this study due to the relative maturity of the GaAs
VCSEL technology. The key roadblock towards VCSEL-on-Si is the high thermal stress due to the large
material thermal mismatch. A room temperature wafer bonding process was then invented to solve the
problem and high performance, high yield GaAs VCSEL arrays were demopstrated on Si substrates.

SCIENTIFIC IMPACT

Long wavelength VCSEL is one of the most important optical devices for optical communication.
Compared to short wavelength GaAs VCSELs, Long wavelength VCSELSs have better eye safety, lower
operating voltage, and significantly longer transmission distance and data rate. The bottleneck for the
development of long wavelength VCSELs is partly technological and partly fundamental. This research
addressed the key technological and scientific issues for long wavelength VCSELs and presented viable
solutions to these problems. For example, the problems in mirror reflectivity, current spreading, and ohmic
heating can all be solved using the innovative approaches. With further development, it is expected that
long wavelength VCSELs will become viable devices for optical communications and interconnects.
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Task #6 SCHOTTKY FORMATION on GalnP/GalnAs
ANDAIInP/GalnAs . FOR USE IN LONG WAVELENGTH
DETECTORS AND HIGH POWER HEMT'S
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1467

OBJECTIVE

The objective for this work has been to use the previously fabricated MSM photodetectors in a new
optoelectronic circuit to generate low phase noise millimeter-wave beat frequencies on optical carriers. The
simple material requirements of the metal-semiconductor-metal (MSM) detector make it relatively easy to
integrate with more complex devices such as heterostructure transistors. However, in spite of its simple
structure, the MSM photodiode is capable of extremely high speed performance.

Low phase noise millimeter-wave beat frequencies, or subcarriers, are needed for signal distribution in a
variety of communication and radar systems which stand to benefit from the propagation characteristics of
optical waveguide. The feeding of phased-array or active antennas, for example, is an application in which
the low loss, small size, low weight and the immunity from electromagnetic interference and crosstalk
provided by optical fiber should prove valuable. Millimeter-wave communication systems could also
benefit from the optical distribution of signals - by delivering the millimeter-wave signal to remote cells
from a central location, antenna complexity could be significantly reduced.

Optoelectronic modules invariably incorporate integrated circuits fabricated on a variety of substrate
materials (eg, InP, GaAs, Si) to perform various circuit or optoelectronic functions (eg photodetectors,
millimeter-wave amplifiers, mixers, if amplifiers). Packaging and interconnection of such units is an
important aspect of system design. The objective of the packaging work is to improve the performance of
packaging interconnects used in high-speed and high. frequency units employed for data processing,
optoelectronics and wireless communications. The first task in such an investigation is the identification of
features responsible for the packaging insertion loss in going from one module to another such as, for
example, step change in transmission line width or height due 6 the change substrate dielectric constant.
The measurement strategy uses transmission line throughs to replace the device being packaged - a
necessary requirement for extracting a model of the packaging transition. Preferred models will use linear
circuit simulators with equivalent circuit elements. Successful models can be used to predict circuit
response for any chips with known s-parameters thereby reducing developmental costs and time.

The current work has been reported in detail in the JSEP Annual Task Reports for the last two years. The
present Report will summarize this work. e

DISCUSSION OF STATE OF THE ART

Millimeter-wave Subcarrier Generation

Photodetectors for Optical Phase Locked Loops

High speed photodetectors are in demand for lightwave communications, optical computing, sensors,
material characterization, and optoelectronic circuits. Photodetectors can be categorized into two groups,
-photoconductors and photodiodes. In photoconductors, conductivity is increased through. the generation of
carriers in a semiconductor region located between two ohmic contacts. Photoconductors have been
widely used in optoelectronic circuit characterization such as in pump-probe sampling circuits. The
response speed of a conventional photoconductor is limited by material properties, namely carrier transit
time, carrier lifetime due to recombination, generation, traps, impurities, and carrier diffusion. Noise is a_
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major problem in photoconductors. The finite dark conductivity of the device generates a randomly
fluctuating background Johnson noise current.

Unlike photoconductors, photodiodes have a rectifying junction which considerably reduces the Johnson
noise when reverse biased. In photodiodes, light absorption and electron-hole pair-generation occur in the
depletion region. Shot noise generated in the depletion region of photodiodes is considerably smaller than
Johnson noise in photoconductors. Quantum efficiency and response speed of photodiodes are closely
related parameters. Optimizing response speed by minimizing electrode separation in photodiodes dictates
that the active area be small which makes focusing light into the device difficult. Therefore, a compromise
has to be made between fast response times and high quantum efficiency.

The fastest compound semiconductor detectors reported are GaAs Schottky barrier photodiodes[3] and
metal-semiconductor-metal (MSM) photo-detectors[4,5]. Schottky barrier photodiodes require multi-level
fabrication steps with level-to-level alignment for high speed response. '

In contrast, the MSM_detector, has a simple, planar horizontal structure, but requires electron beam
lithography to achieve the small electrode spacing required for short transit time operation. MSMs have
been reported[4] with finger spacings as small as 25 nm and a response time of 0.87 ps on LT GaAs. The
low efficiency of MSM photodiodes is due to the shadowing effect of the metal electrodes, reflection at the
semiconductor surface and incomplete absorption in the active layer. An anti-reflection coating can be
used to reduce the surface reflection. Superlattice structures have been used underneath the absorption
layer to enhance the quantum efficiency by reflecting any of the signal which passes completely through
the absorbing region back in the device [5].

In an MSM detector, the electrodes form back-to-back Schottky contacts. With an applied voltage, one
contact is always reverse biased, and the leakage through this junction (dark current) adversely affects
detection sensitivity. Thus dark current is minimized by forming contacts with high Schottky barriers. On
GaAs this is readily accomplished. However, with long wavelength (1.3 um-1.55 um) detectors using
Ing 53Gag 47As absorbing regions a problem arises due to the low barrier heights on this material. High
barriers must be obtained by adding a barrier enhancement layer. A number of different materials have
been used for this purpose including Ing 52Alg.48As [7] and InP [8], and more recently strained AllnP [9]

and GalnP [10]. The latter obtained very low dark current densities of 4.5 pA/um?2, ‘

To date, the fastest MSMs operating at the longer wavelengths have been achieved with short lifetime
material. Impulse responses approaching 1 ps have been achieved-with low-temperature grown GalnAs
[13], and an GaInAs/GaAs on GaAs super lattice produced a lifetime-limited response of 3.3 ps [14].
Devices fabricated on long-lifetime material have been reported with responses of 13 ps [15] and 14.7 ps
[16], though it should be noted that both these values are ‘possibly influenced by measurement system
limitations. The spacing between electrodes for these was 1 um and 1.4 pm respectively; very little work
has been done with sub-micron electrode spacing for long wavelength detectors.

Generation of Millimeter-wave Modulated Optical Signals

Numerous approaches have been considered to generate low phase noise microwave and millimeter-wave
modulated optical signals. Direct modulation of a diode laser or external modulation is the most straight-
forward approach but becomes difficult above 30--40 GHz due to device limitations. Variations on direct
laser modulation have been demonstrated which rely on special laser design to facilitate high-frequency
modulation. An example is resonantly enhanced modulation, which exploits narrowband peaks in the
modulation response at the cavity roundtrip frequency and multiples thereof. This has been achieved with
both external cavities [17] and monolithic structures [18], and allows modulation at frequencies above the
laser relaxation resonance. Dual-mode lasers have also been used in which the lasers are designed to
operate in two modes simultaneously. A distributed feedback (DFB) laser which oscillated on both sides of
the Bragg frequency was locked to an externally applied subharmonic of the beat frequency [19; a similar
approach was reported in [20]. ‘
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A second approach to generating millimeter-wave subcarriers is to combine the beams from lasers at
slightly different wavelengths. This heterodyne approach is most often carried out by phase locking the
beat signal to a stable RF reference source. Such optical phase-locked loops (OPLLs) have. been
constructed using Nd:YAG lasers {21] and semiconductor lasers. The latter have the advantage of low size
and cost, but have the disadvantage of large linewidths which makes necessary large loop bandwidths. For
this reason semiconductor lasers have been used with optical feedback to lower the linewidth. This
typically entails putting an anti-reflection coating on one laser diode facet and reflecting or diffracting light
back into the diode. The first effort to lock semiconductor lasers used this approach [22]. Several other
OPLLSs using a variety of external cavity configurations have been reported [23-26]. Locking of solitary
laser diodes has been achieved by employing loop bandwidths in the 100-200 MHz

range [27-29]. The best results were obtained in [29], which were achieved with a 180 MHz loop

bandwidth and multi-electrode DFB lasers. Phase variances of 0.02 rad? have been achieved for external

cavity lasers, and 0.04 rad? for solitary lasers. In addition to phase-locked loops, a feedforward technique
has also been used to eliminate phase noise in the beat signal of two DFB lasers [30].

In the OPLL results cited above, the largest attainable beat frequency is limited by the frequency of the RF

reference source, and good loop performance requires that the loop components (photodetector, amplifier,

phase detector) operate at this frequency as well. This report describes a method to overcome this
limitation by locking together a series of more than two lasers.

Packaging and Interconnection Issues

Packaging Industry

The packaging of microelectronic silicon chips in a high-speed device might seem only incidental to a
~ machine's design and has no bearing on the overall performance of the system. The facts are otherwise. In
many high-speed/high frequency data processing/wireless communication units packaging technology is
the factor that determines or limits performance, cost and reliability.

One reason packaging has become so important is the chip-to-chip delay that limits the maximum operating
frequency. In order to reduce the delay the chips must be put closer together, resulting in higher crosstalk
as switching speed is increased. Meanwhile, a dense array of ghips gives off a fair amount of heat, which

must be removed efficiently for the circuit to operate properly.

. N
Packaging is an art based on the science of establishing interconnections ranging from zero-level packages
(chip-level connections), first-level packages (either single-chip or multichip modules), second-level
packages (printed circuit boards), and third-level packages (mother boards). )

The most common methods of zero-level interconnects are wire bonding, Tape Automated Bonding (TAB),
and solder bumping. Some examples of first-level packages are: Tape carrier Package (TCP), Plastic Quad
Flat Pack (PQFP), Ceramic Quad Flat Pack (CQFP), Plastic Leaded Chip Carrier (PLCC), Leadless
Ceramic Chip Carrier (LCCC), Plastic Pin Grid Array (PPGA),ceramic Pin Grid Array (PGA), Plastic Ball
Grid Array (PBGA), Ceramic Ball Grid Array (CBGA), Small Outline Integrated Circuit (SOIC), Dual In-
Line Package (DIP).

\ ,
In this work, we have focused on the evaluation of zero and first level packaging techniques, specifically
wire bonding and LCCC.

In terms of materials, there are two major categories: hermetic and plastic. A hermetic package is
constructed of metal and ceramic materials and has a sealed cavity where the chip resides while polymer
and metal are the flesh and bones of a plastic package. In general, plastic package is more cost effective
than its hermetic counterpart while ceramic package offers more protection against moisture.

Commercial Package Solutions
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Thin film, thick film and co-fired are the three basic ceramic processing technologies. They employ
different dielectric materials and hence require different processing procedures.

Thin Film MultiLayer: The dielectric in a thin film multilayer is polyimide. Polyimide has the lowest value
of dielectric constant (lowest propagation delay) and a low dissipation factor over a wide frequency range.
Furthermore, it is chemically inert, very pure, and thermally stable up to 400°C. The good heat resistance
enables the polyimide to be operated under general conditions of wire bonding, die bonding, sealing, etc.
The maximum thickness of polyimide formed at one operation is about 20 um (0.008”). Via holes are
formed by wet photolithography and the minimum size is about three times the thickness of the polyimide.
Both copper and aluminum can be used as a conductor. The metals are ion-plated by the use of electron
beam deposition in order to enhance the conductor adhesion. Chromium, whose thickness is less than 100
nm, is used as the substrate metal. The adhesion strength is about 2 kg/mm? (2850 psi). The sheet
resistance of the deposited thin film copper is observed to have values that are 1.6 times the theoretical
value.

Thick Film Multilayer: Conventional thick film systems may use various metals such as gold, silver-
palladium, and copper. Copper conductor and glass dielectric are fired at approximately 900°C under a
pure nitrogen atmosphere. The sintered conductor has a sheet resistance of approximately 2 Q/sq at 20
um (0.0008”) thickness. The metalization patterns are produced by screening, producing a coarser pattern
than that can be generated by either thin film or co-fired technology. On the other hand, the thick film
system has a high dimensional tolerance and geometrical precision very similar to the thin film system.

Cofired Multilayer:  Multilayer ceramics (MLC) are monolithic structures of personalized and
interconnected ceramic and metal layers. The individual layers can vary from less than one mil to over
twenty mils. The materials in greatest use today are titanate dielectrics with palladium metal electrodes for
MLC capacitors and a variety of alumina ceramics with either molybdenum or tungsten conductors for
MLC substrates. Conventional MLC use a “’silk screen” printing method for the formation of traces.
Consequently, the MLC cannot meet the requirements for the formation of fine patterns. Minimum line
width is about 0.004”. Therefore renders it unsuitable for VLSI packages with more than 200 V/O s.
Furthermore, the difficulty in using co-fired technology is aggravated by the large dimensional tolerance
created by the large shrinkage which occurs during sintering. Low-temperature co-fired ceramic systems
offer the benefits of existing thick film technology combined with the processing advantages of co-fired
ceramics. They allow cost-effective production of high density multilayer interconnect hybrids with the
benefits of in-house control. Low temperature systems developed for.jn house use are based on glass filled
composites, crystallizable glasses and crystalline phase ceramics. The material system consists of a cast
green dielectric tape, compatible signal line and via fill conductor compositions, thick film resistor
compositions for post- and co-firing on top layers, developmental resistors for buried configurations and
thick film conductor compositions for customizing top layers. The material system was designed for
compatibility with standard thick film equipment and processing. Thick film printers, drying ovens and
belt furnaces can be used in circuit fabrication and additional equipment (laminating presses and via
punching devices) is commercially available. Blanking and registration tooling can be readily built.

PROGRESS

Millimeter-Wave Subcarrier Generation

Figure 1 shows the circuit for a standard OPLL. The beams from two lasers are combined and mixed on a
photodiode. The beat signal is then mixed with an RF reference for phase detection, and the resulting error
signal is filtered and fed back to the bias of one of the lasers. This laser acts as a eurrent controlled
oscillator (CCO) and replaces the voltage controlled oscillator normally found in phase-locked loops.
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Fig. 1. A heterodyne, or offset, optical phase-locked loop (OPLL). The wideband loop
locks the beat signal of the two lasers to a low phase noise reference source.

If a series of many lasers are offset-locked as shown schematically in Figure 2, then essentially arbitrarily
large beat fequencies may be obtained. For example, a series of four lasers, each locked 60 GHz higher in _
- frequency than the previous one, can produce a beat frequency of 180 GHz if the first and last beams are
combined. In addition, 60 and 120 GHz beat notes are available. In principle all of the signals could be

widely tunable.
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Fig. 2. A series of lasers, each phase-locked to the preceding one with frequency offset
8f. Combining the beams of the first and nth produces a beat frequency equal to (n-1)5f.

This report presents results demonstrating the locking of a series of lasers as described above to generate
33-40.5 GHz beat signals. First, a brief description will be given of the construction and characterization
of the narrow linewidth external cavity lasers used in the OPLLs. Secondly, the phase noise for a series of
locked oscillators will be analyzed to see what effects such a circuit has on the phase of the resulting beat
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signals, and lastly, experimental results will be given for 3-laser OPLLs used to generate very low noise

(phase variances of 10'4 radz) Subcarriers at 33-40.5 GHz. These results represent a significant
improvement over previously reported values for semiconductor lasers [24,29]; roughly two orders of
magnitude lower phase variance and a factor of two increase in the beat frequency.

Laser Selection

The critical performance characteristics desired for semiconductor lasers used in OPLLs are 1) single
longitudinal mode, 2) narrow linewidth, and 3) suitable FM response. Other qualities such as the ability to
be fabricated in an optoelectronic integrated circuit are also desirable and may be beneficial to OPLL
performance.

The last requirment for the laser, a suitable FM response, is potentially the most problematic. The FM
response is the complex transfer function which relates the laser frequency to bias current modulation.
Two effects contribute to the FM response of a typical laser diode: a thermal effect and a *carrier effect”
[31]. The former causés a change in refractive index due to heating, and this leads to a red-shift of the
longitudinal cavity modes. The latter results from a refractive index change caused by a change in free-
carrier density, and produces a blue shift. The thermal effect dominates at lower modulation frequencies
and diminishes at higher frequencies, with the result that the FM response undergoes a phase change of n
radians. This **crossover” point is generally in the low (<10) MHz regime.

The magnitude of the FM response should be large since this will contribute to the loop gain and thus
decrease the amount of gain needed elsewhiere in the loop. A large. magnitude is thus only necessary when
it is impractical to compensate with other forms of gain.

The phase of the FM response is a more critical parameter since it contributes directly to the phase of the
open-loop gain and reduces the phase and gain margins for the loop. As the phase and gain margins
decrease the loop begins to amplify the phase noise of the beat signal at frequencies where the gain is near
unity, and at the point of zero margin the loop will oscillate.

From the above considerations two candidate semiconductor lasers appear for use in OPLLs: external

cavity lasers and multi-electrode lasers. The latter, while offering the advantage of potential integration into

optoelectronic circuits, are currently expensive ($7000) and ndt widely available. External cavity lasers

thus were chosen to demonstrate the concept of phase locking multip_le lasers to generate millimeter waves.
~

Laser Design

The lasers used in the OPLLs must all operate at essentially identical wavelengths and be tunable over a
wavelength range sufficient to generate the desired millimeter-wave beat frequencies. This tuning range is
small (a fraction of a nanometer) and thus the tuning requirement is significantly relaxed compared to that
normally desired from an external cavity laser. As described below, this makes possible the use of
commercially available, inexpensive laser diodes such as those used for reading optical disks.

External cavity lasers are typically formed with a laser diode which has one facet antireflection (AR)
coated, a collimating lens, and a frequency selective refiector such as a grating. The cavity configuration
chosen for this work was the Littman-Metcalf, or grazing incidence, cavity. The lasers used in this work
were Sharp LT024-MD. They operate at 785 nm, are capable of 30 mW output power, and have an output
facet which is coated to produce a reflection of about 5\% and a rear facet which is coated for high
reflection. An 8 mm, 0.5 NA aspheric lens was used for collimation, and a 1800 Vmm, holographic grating
was used along with a dielectric mirror. The mirror was mounted on a standard 2-inch optical mount which
was modified by the inclusion of a piezo-electric transducer (PZT) to permit electronic control of the cavity
length. The cavity length was nominally 10 cm. R
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Laser Characterization

Characterization of the laser's linewidth and FM response is crucial to ensure proper function of the phase-
locked loop. Measurement of the linewidth was performed using a self-heterodyne configuration, [34,35]
and the same configuration was also employed to measure both the magnitude and phase of the FM
response. To the best of our knowledge this is the first use of a self-heterodyne technique to characterize
the FM response of a laser; it has previously been characterized using an FM to AM conversion in the
optical domain and network analysis techniques to determine both magnitude and phase of the response
[36].

An example self-heterodyne spectrum for a modulated laser is shown in Figure 3 where the spectrum
extends to just over 12 MHz. This measurement was made at a modulation frequency of 120 kHz with an
amplitude of 200 pA peak-to-peak, corresponding to an FM response of 60 MHz/mA. This particular
measurement was made on a DFB laser with external feedback. The extemal cavity lasers constructed from
Sharp diodes had a lower-magnitude FM response of ~4 MHz/mA.
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Fig. 3. Self-heterodyne spectrum of a DFB Jaser with éctemal feedback modulated by a
120 kHz, 200 pA pk-pk sine wavedemonstrating a 60 MHszfQ FM response.

Fig. 4 shows the FM response of an external cavity laser constructed with the Sharp laser diodes and
measured using the self-heterodyne techniques described above. The magnitude shows an increase at lower
frequencies, probably caused by increased thermal effects, while the phase demonstrates a fairly flat
response to 2 MHz. The features present in the phase response are likely a result of measurement error,
since precise determination of the point f,,,=0 is difficult, especially at higher modulation frequencies.
Based on this phase measurement, it appears that OPLL loop bandwidths in excess of 2 MHz should be
possible since the phase at this frequency is well above /2.

The results for linewidth and FM response indicate that the lasers are well suited for use in an OPLL. The
combined linewidth is <60 kHz and the highest loop bandwidth obtainable is in excess of 2 MHz, and thus
the previous mentioned target values are met. '

t
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Fig. 4. Magnitude and phase of the FM résponse of an external cavity laser measured
with self-heterodyne techniques.

Phase Noise of Multiple Locked Lasers

In this section, the phase noise of lasers locked in series will be evaluated. It is found that at frequencies
where the magnitude of the open-loop gain is near unity, the presence of the open-loop phase serves to
amplify the phase noise leading to increasing noise with increasing number of lasers locked. The two
possible ways in which three lasers may be locked together are examined and it is found that one
configuration results in less noise than the other, a result which,js consistent with the experimental results.

In the following, laser i will be modeled as a noise free oscillator with a noise source @,,(f) added to its
phase. Although such a noise source does not have a Fourier transform for purposes of analysis, @,, (@)
will be treated as such. Similarly, the noise of the RF offset reference is taken as ¢ (a)) Then the noise
of laser i while locked to laser j will be denoted @,(®), and is given by

= . .- . 1
¢ 1+G,.j¢' 1+Gy.¢'" 1+G,.j¢’" M

where Gj;(@) is the open-loop gain, and for the single free-running (master) laser k, @, = @,,. For n

lasers locked, (1) represents # —1 equations which are solved to find the phase of all but laser k as a
function of the gains and the noise sources. Generally, the phase of the i th laser will depend on the noise
sources of lasers k through i , inclusive.

When locking three lasers together to generate a beat frequency equal to twice that of the shared RF
reference there are two possible configurations. If an arrow points from slave to master, then these may be
represented as:
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Frequency: f-A f f+A
o Conﬁguration A: 1 « 2 « 3

Configuration B: 1 — 2 <« 3 _

These two configurations yield somewhat different results. Solving equations (1) and evaluating the beat
signal noise @; — @, of configuration A and @, — @, of configuration B leads to two conclusions: For
both configurations the large-gain limits are the same and yield a phase noise equal to twice that of the
reference source. This is the same noise which would be produced by frequency doubling the reference.
For gains of order unity it is found that configuration A produces more noise than configuration B. As an
example, if G, = Gy; =1 and the lasers are assumed identical, then, remembering that the laser noise
sources are not coherent and ignoring the reference source noise, configuration A will produce 2.4 dB more
noise power. This difference will vary depending on the magnitude and phase of the gains, and for
practical loops with significant open-loop phase, it could be substantially more. The larger noise of

configuration A can be explained intuitively: in the region of lG‘ =1 the loops increase @, by adding
contributions from both lasers 1 and 2. The resulting beat noise @, — @,,, is increased. In configuration B,
the noise of both lasers 1 and 3 are increased with contributions from laser 2, but these contributions cancel
when @, — @, is considered. -

Using estimates for the open-loop gain and Lorentzian laser line-width based loosely on the experiments
presented in the next section, calculations were made of the total phase variance versus a scaling factor X
of the open-loop gain. The results are shown in Figure 8, where it is evident that configuration A produces
lower phase noise, less than half that of configuration B. Also, configuration A has a broader minimum
which facilitates loop design. ‘
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Fig. 5. Phase variance of the beat signal between the first and third lasers for
configurations A and B. K is a scaling factor for the loop gain.

Experimental Demonstration

To demonstrate the locking of three lasers in both configurations A and B, three external cavity lasers were
constructed as described above. The lasers were operated without any temperature stabilization, though
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'piezoelectric control of the retro-reflecting mirror was used to help track thermal drift. This control was
incorporated into the loop with a low-pass filter. Stable phase locking for periods up to one hour were
observed with this arrangement. '

To lock three lasers in the fashion depicted in Figure 2 and to monitor the three beat signals would require
a large number of microwave and optical components. A simpler solution is to combine all three beams on
a single photodiode. Figure 6 shows the experimental arrangement. In this scheme the frequency offsets
between the lasers differ by ~500 MHz, allowing diplexing of the DC and 500 MHz signals after the initial
down conversion, followed by a subsequent down conversion of the 500 MHz signal. . Error signals for
each beat signal are thus separated and fed back to the appropriate laser. With this approach all the high-
frequency RF components are shared between the two loops and three beat signals, and optical alignment is
greatly simplified. Also, the three lasers can be locked in either configuration A or B without changing the
hardware configuration. :

A disadvantage of combining all beams on a single photodiode is cross talk between the loops as a result of

two-tone, third-order intermodulation in the amplifier and mixer. This will cause the error signal from one -
loop to be introduced into the other. This can be minimized by keeping the power into the amplifier and

mixer low. Also, the single-photodiode circuit requires an additional 500 MHz source, and the conversion

loss of the second mixer must be compensated for in the loop gain. The latter is easily accomplished.

The circuit using a single photodiode was used to lock three lasers together. An 18-40 GHz amplifier was
used (with usable gain below 18 GHz) along with an offset reference with a maximum frequency of 20

GHz, permitting generation of beat signals from ~33 to 40.5 GHz. A 1-pm spacing, GaAs MSM
photodiode fabricated earlier in this projéct was used for the photodetector. Modeling which took into
account an estimated laser FM repsonse showed that a flat loop filter (no filter) would result in the lowest

phase noise. An active filter with transfer function (1 + j@7,) / jo 7, was used, however, with a large

value of 7, to provide a flat response over most of the loop bandwidth but to enhance the gain at lower
frequencies where drift, 1/ f noise, and mechanical vibration are present. The quantity 7, / 7, was
experimentally adjusted to find the phase noise minimum shown in Figure 5. This resulted in loop
bandwidths (frequency at which IGI =1) of ~4 MHz. Loop oscillation ocurred near 8 MHz, presumably
caused by the phase of the laser FM response reaching 2. %,

se
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Fig. 7 Signals received from the single photodiode by the spectrum analyzer. The
heterodyne signals from the three lasers are at 18.1, 18.5, and 36.6 GHz. The other

signals result from inter-modulation in the amplifier.
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Fig. 8. Narrow-span measurement of the 36.6 GHz signal.
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Results for configuration B with beat signals of 18.1, 18.5, and 36.6 GHz are shown in Figures 7 and 8.
Figure 7 shows the spectrum analyzer output of the three beat signals along with inter-modulation products
generated in the amplifier, and Figure 8 shows a narrow-span spectrum of the 36.6 GHz signal. From the

latter curve it is estimated that the total phase variance is a¢2 =1.3x10"4 rad2. .
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Configuration A produced a variance of 0'¢2 =6.8x10"* rad2, five times that of configuration B. This

difference may be attributed in part to the greater noise of configuration A compared to configuration B as
discussed above. A second possible cause is a difference in laser line-widths between the two
measurements. The lasers’ line-widths depend on their tuning with respect to the solitary laser modes [33],
and this relation was not controlled experimentally.

The results presented here demonstrate the idea of offset phase locking multiple lasers to generate
millimeter wave beat signals. Very low phase noise 33--40.5 GHz sub-carriers have been created by offset-
locking 3 external cavity semiconductor lasers constructed from commercial laser diodes. The RF
frequency attained is about twice that previously reported for semiconductor lasers, and the low variance

a:r¢2 achieved of ~10"4 rad2 is roughly two orders of magnitude lower than previously obtained with
semiconductor lasers. The low phase noise is attributed to the narrow laser line-width and the relatively
high frequency (~8 MHz) at which the phase of the FM response reached n/2. Optimizing the loop

bandwidth allowed these favorable characteristics to be exploited. With multi-laser phase-locked loops, low
phase noise sub-carriers well above 100 GHz should be attainable.

Characterization of Commercial Packaging Modules

The electrical properties of two commercially available microwave hermetic packages were measured
- using a Wiltron Universal Test Fixture and a Cascade Coplanar Microprobe. Four microwave CAD design
tools were used to study and extrapolate the package behaviors. Touchstone was found to give the most
accurate representation of the packages through equivalent circuit models.

1. Sonnet A suite of electromangnetic simulation tools capable of drawing, analyzing and visualizing the
results of 3-D structures embedded in multilayer dielectrics up to the THz range. It is capable of analyzing
a host of microstrip, stripline, or coplanar waveguide structures including discontinuities, transitions,
spiral inductors, feed-thrus.

2. Microstripes. A suite of 3-D electromagnetic tools ideal for the design of waveguide components, non-
planar circuit structures, transitions and a variety of antennas. It i§,based on the Transmission Line Matrix
(TLM) method, which guarantees computation time and highly efficient use of memory. Typical
applications include waveguide filters, couplers, waveguide to ‘coax/microstrip transition, rectangular to
circular guid transition, horn antennas, dielectric resonator filters, wire antennas, package effects. It
calculates the impulse response of a device, filters the result, and resolve into incoming and outgoing waves
before generating the scattering parameters. T .

3. Touchstone: A linear frequency-domain simulation design suite for microwave or RF circuit layouts.
4. PUFF: A scattering parameter and layout calculator for microwave circuits.

The commercial packaging units investigated were the LCC (0 - 23 GHz) package from StratEdge
Corporation and the Dipak (0 - 40 GHz) from Dielectric Labs. Both are microstrip packages with the
StratEdge package being leaded. These leads could be removed to facilitate direct connection to the
microstrip. To access the non-idealities of these packages we must package a device with known electrical
property. The device must mimic the input and output characteristics of the active device that we aim to
package. Since our final goal is to package a MMIC amplifier, which has a 50 Q input impedance and a
50 Q output impedance, the simplest device will be a 50 Q transmission line. The substrate that we use is
6-mil Arlon 350, with a relative dielectric constant of 3.5 + 0.01. We fabricated a-range of lines with
different widths and lengths. We used the network analyser to find out the true impedances of each line,
and the loss tangent of the substrate by comparing the loss of different line lengths.
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To provide connections from the packages to the S-parameter measurement system two techniques were
used. Firstly it was possible to wire bond CPW - microstrip launchers to the packages to enable
measurements using a Cascade Probe station. Secondly the Wiltron Microstrip Universal Test Fixture
(UTF) could on the StratEdge package for direct microstrip to microstrip connection.

Detailed results of these measurements and the models simulating their behavior are found in Ref [37) and -
the 1998 Annual Report. In summary, the fact that we can leave out width step and microstrip open end
capacitance in Touchstone model without affecting the accuracy, while not so with the bond wires,
illustrates that bond wires play a far more important role in microwave transitions, compared to height
steps and width steps. and step in width. The number of bond wires affects the shape of frequency response
while their lengths affect the magnitude. To have minimum insertion loss the bond wires should be as
numerous and as short as possible.

With Touchstone we shall be able to predict circuit response for any chips with known S-parameters in
- these two packages. This will give us a fair indication of the circuit behavior without doing die attach for
each chip, thereby reducing manufacturing cost and time.

SCIENTIFIC IMPACT

Several techniques of value in the generation of millimeter-wave modulated optical signals and in the
characterization of lasers have been demonstrated.

The high-speed MSM detectors have been used in a novel optoelectronic circuit to phase-lock multiple
lasers together in order to generate millimeter-wave beat signals. This approach has the potential to
generate very high frequency signals. By using detectors fabricated on low-temperature grown GaAs for
which bandwidths to 375 GHz have been demonstrated [2], it is conceivable that frequencies of many
hundreds of GHz could be generated with a modest number of lasers.

The technique has been demonstrated with low-cost, commercially available laser diodes. Their ability to
be used in an external cavity configuration suitable for an optical phase-locked loop has been demonstrated.

A new method for characterizing the FM response of lasers has been demonstrated. It relies on a self-
heterodyne technique, and thus does not require stabilizationt:of the absolute lasing frequency. It’s
simplicity and the fact that it uses the same experimental setup as the linewidth measurement are both
attractive features. It could prove useful in the characterization of lasers used in coherent communication
systems.

The packaging of microelectronic chips in many high speed/high frequency data processing/wireless
communication units is the factor that determines or limits performance, cost and reliability. The work on
packaging demonstrates that the effects of packaging can be evaluated and modeled, often with simple
modeling tools, such as linear circuit simulators, up to frequencies as high as 40 GHz. The understanding

gained can be used to design more efficient (lower loss, lower reflection coefficient) packaging
interconnects.
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